Using InSAR and hydrogeologic time-series spanning 1995 to 2000, we characterize the elastic storage and surface deformation in the vicinity of the San Bernardino basin, California. The region encompasses a complex major aquifer located at the junction of the San Andreas and San Jacinto faults that supplies groundwater to over 600,000 people. We remove the elastic vertical surface displacement associated with changes in groundwater levels from the InSAR time-series by a least squares inversion. Our method estimates a poroelastic ratio at 60 well sites, which we normalize by basin depth, allowing for comparison of the elastic response of the aquifer skeleton from site to site. Our method also estimates residual vertical displacement rates at each well site, surface displacement not explained by observed trends in groundwater levels. Residual vertical displacement rates reveal patterns of subsidence and uplift across the basin over the 5-yr period from 1995 to 2000. In a narrow zone of observed residual subsidence near the San Jacinto fault, where many normalized poroelastic ratios trend higher than expected, we find permanent compaction of clay-rich strata to be the most likely explanation for 0.5-2.0 mm yr -1 of residual subsidence. This permanent compaction is likely a result of delayed compaction due to previous overdraft conditions and/or a result of the installation of deep production wells during the span of the InSAR time-series. Observations of localized subsidence within stepovers of the San Jacinto fault zone and relative uplift at the range fronts are consistent with current basin development models; however, interseismic strain modelling of the regional faults does not reproduce the surface displacement pattern or magnitude of these observations.
I N T RO D U C T I O N

Project background
California Coastal Basin aquifers provided over 4 per cent of the total public-supply groundwater withdrawals for the United States in 2000, more than any other single-state principal aquifer (Planert & Williams 1995; Maupin & Barber 2005) . The preservation of these resources requires careful management to assure fresh groundwater quality and aquifer sustainability. An understanding of the lateral and depth-dependent structure of an aquifer system, including mapping of permeable units and the identification of groundwater barriers, is required for proper management. For example, variation in grain size, both laterally and vertically within an aquifer system, affects the local storage and transmissivity of groundwater. Most of the California Coastal Basin aquifers are structural troughs formed by folding and faulting (Planert & Williams 1995) . Such structures often act as groundwater barriers, affecting groundwater flow patterns and pore pressures. Additional insight into the state of an aquifer is provided by the active deformation that results from changes in pore pressure levels. First proposed by Terzaghi (1925) , the concepts of effective stress, aquitard drainage and aquifer-system compaction describe the relationship of groundwater levels and deformation of an aquifer system. After prolonged groundwater pumping, even with stabilization of groundwater levels from aquifer recharge, land subsidence may continue due to the long-term residual compaction of fine-grained aquitard layers (e.g. Galloway et al. 1998) . The extraction of groundwater from aquitards represents a non-recoverable reduction in pore volume, and therefore a reduction in storage capacity.
As an important groundwater resource in a moderately populated and seismically active region, the eastern Santa Ana Watershed ( Fig. 1 ) has been the focus of over a century's worth of scientific investigation. The first published hydrogeologic study of the region was in 1888 (Hall 1888) . Work continued through the 20th century and Dutcher & Garrett (1963) published a comprehensive hydrogeologic review of the watershed basin. The discovery of groundwater contamination from volatile organic compounds near the city of San Bernardino ( Fig. 1 ) in 1980 instigated intensive chemical and isotopic analyses of the region's groundwater (Izbicki et al. 1998; Hamlin et al. 2002) . Another primary topic of interest for this region has been the constraining of basement rock topography beneath the alluvial fill, largely because of the effect of basin geometry on ground motion predictions (Stephenson et al. 2002) . In an integrated geophysical study using seismic, aeromagnetic and gravimetric data, Anderson et al. (2004) presented a basin depth model, estimating depth to basement rock beneath the alluvial deposits, and a structural interpretation of the upper crust. Most recently, Danskin et al. (2006) reported on an integrated analysis of the surface and groundwater systems, describing current computer models of the aquifer system, and suggesting water management plans for different usage forecasts and contamination plume remediation options.
One of the more recent developments in the monitoring of aquifer basins has been the use of Interferometric Synthetic Aperture Radar (InSAR) for measuring relative surface displacement (e.g. Amelung et al. 1999; Galloway et al. 2000; Bawden et al. 2001) . Lu & Danskin (2001) published an InSAR study of the San Bernardino basin from 1992 to 1995 identifying areas prone to runoff and recharge induced surface deformation, specifically noting varying poroelastic response ratios in the Santa Ana River Drainage area from the rest of the basin (Fig. 2) . Their study also identifies locations where faults act as restrictive barriers to groundwater flow, and suggest an aerial distribution of fine-grained aquifer material. Lu & Danskin (2001) suggest that combining stream runoff and aquifer recharge data with InSAR surface deformation data can aid in defining basin structure and hydrogeology, and is useful in circumventing the need for traditional, time consuming and expensive field data collection. This study extends the record of InSAR for the San Bernardino basin (Lu & Danskin 2001 ) and provides a time-dependent look at aquifer surface deformation for the 5-yr study period of 1995 to 2000. Following the methods of Schmidt & Bürgmann (2003) , we construct an InSAR time-series of surface displacement for the period following that of the Lu & Danskin (2001) study.
Many of the California Coastal Basin alluvial aquifers are bounded by active faults such that the deformation signals from hydrologic and tectonic processes are superimposed. This is particularly an issue along many plate boundaries where the resolution of interseismic fault slip rates in basins is complicated by groundwaterinduced deformation. For example, Bawden et al. (2001) and Watson et al. (2002) revealed how groundwater pumping has affected GPS observations of interseismic strain in the Los Angeles basin. More recently, Argus et al. (2005) attempted to resolve this issue by using the seasonal fluctuations in GPS and InSAR data to calibrate estimates of interseismic velocities in the San Gabriel valley. In the San Bernardino study area, interseismic deformation is caused by the active San Jacinto and San Andreas faults, which bound the basin to the west and the east, respectively. The expected pattern of interseismic deformation is sensitive to the fault geometry and mode of slip transfer across the basin, the details of which are poorly resolved and opinions vary greatly among authors (e.g. Weldon & Sieh 1985; Stephenson et al. 2002; Anderson et al. 2004; UCERF2 2008) . Based on fault geometries and the location of this basin within a major stepover of the San Andreas fault system, one might expect to see vertical evidence of ongoing slip transfer across the basin study area (Crowell 1974; Bilham & King 1989; McClay & Bonora 2001) .
To characterize the surface deformation observed with InSAR in this tectonically active aquifer basin, we developed the Hydrogeologic InSAR Integration (HII) method. The HII method uses a least squares inversion to separate vertical deformation due to groundwater extraction and recharge from the residual vertical displacement trends caused by geological processes such as interseismic faulting and/or permanent sediment compaction. By incorporating groundwater level data with the surface elevation changes measured with InSAR, we are able to remotely assess the poroelasticity Deciphering vertical deformation and poroelastic parameters 1187 of the aquifer, and estimate the vertical displacement associated with short-term (e.g. seasonal) changes in groundwater level for 60 well sites. Our method also estimates the residual rate of surface displacement over 5 yr at each well site thereby identifying locations of relative net subsidence and uplift. We find that the modelled poroelastic parameters and residual deformation reveal suggestive patterns and interpret these patterns in both a tectonic and hydrologic context.
Basin hydrogeology
A number of fault splays and minor faults are present in the San Bernardino basin (Fig. 2) , many of which act as groundwater flow barriers (Dutcher & Garrett 1963; Woolfenden & Kadhim 1997; Anderson et al. 2004; Danskin et al. 2006) . The study area spans all or part of four different municipal sub-basins, the Bunker Hill basin, the Rialto-Colton basin, the Chino basin and the Yucaipa basin (Fig. 2) , divided essentially based upon the major fault boundaries. The basins are bounded to the north and northeast by the San Gabriel and San Bernardino Mountains and to the south by the San Timoteo Badlands. The Bunker Hill basin is a down-faulted wedge entirely between the oblique right-lateral San Jacinto and San Andreas faults, and for purposes of this study includes the narrow Lytle Creek basin. The Rialto-Colton basin lies between the San Jacinto fault on the east and the Rialto-Colton fault on the west. West of the RialtoColton fault is the Chino basin. Separated from the Bunker Hill basin by the uplifted bedrock and structures of the Crafton Hills fault zone is the gently sloping Yucaipa basin. In this section, we review the pertinent hydrogeologic characteristics of these faultbound municipal sub-basins.
The geology of the eastern Santa Ana Watershed is composed of inter-fingering water bearing alluvial and river channel deposits overlying a bedrock basin. Basement rock is pre-tertiary igneous and metamorphic rock and indurated sediments (Dutcher & Garrett 1963) . Relative to the alluvial basin fill, basement rock is nearly impermeable (Danskin & Freckleton 1992; Hamlin et al. 2002) , and has been uplifted and exposed in several places, most notably at the Crafton Hills.
Depth to groundwater in this major alluvial aquifer is typically tens-of-metres below the surface around the basin margins to very near the surface near the San Jacinto fault zone (Hamlin et al. 2002) . Recharge to the aquifer occurs naturally and artificially through the coarse-grained deposits largely near the base of the San Gabriel and San Bernardino Mountains (Hamlin et al. 2002; Danskin et al. 2006) . Natural storm runoff is diverted into short-term detention basins, which also operate as recharge facilities (Fig. 2) . The principal area of natural recharge for the Bunker Hill aquifer is the Santa Ana Spreading Grounds at the confluence of the Santa Ana River channel and Plunge Creek in the southeastern study area. This location has been an artificial recharge site since 1911 (Schaefer & Warner 1975) . Water from the Colorado River and northern California are also used for aquifer recharge (Hamlin et al. 2002) . Most of the recharge from the Santa Ana River occurs in the stream channel itself, but the artificial recharge basins are important for recharging imported water and containment during high-runoff years (Danskin et al. 2006) .
The Quaternary alluvium of the Bunker Hill, Rialto-Colton and Chino basins is poorly sorted gravel, sand, silt, clay and boulders derived from the surrounding mountains, moderately permeable and readily yields groundwater where saturated (Dutcher & Garrett 1963; Danskin & Freckleton 1992; Anderson et al. 2004) . In general, the alluvial deposits are coarser and more poorly sorted nearest the mountains, fining, sorting and thickening towards the San Jacinto fault zone (Danskin & Freckleton 1992) . There are at least three areally extensive fine-grained deposits of silt, sandy silt 1188 B. A. Wisely and D. Schmidt and clay (≥20 m thickness) that act as aquitards and smaller local lenses (≤5 m thickness) that are not vertically or aerially extensive (Dutcher & Garrett 1963; Danskin et al. 2006) . The thickest section of alluvial sediments (∼2 km) in the basin lies between the Loma Linda fault and western extension of the Banning fault of the San Jacinto fault zone (Fig. 2) , and is interpreted to be a down-dropped sliver of the basin (Stephenson et al. 2002; Anderson et al. 2004; Danskin et al. 2006) . Groundwater flow moves from the basin margins toward the deeper basin centre. As the main trace of the San Jacinto fault is a restrictive barrier to the natural western flow of groundwater, upward flow develops east of the fault. Clay-rich surface layers near the fault act as confining layers, and diminish vertical conductivity, increasing hydraulic head (Danskin & Freckleton 1992) . The aerial extent of this clay-rich unit represents the presence of a former marshland, and prior to extensive groundwater extraction, was under artesian conditions (Fig. 2) .
Extensive groundwater extraction began in the mid 1900s, and by the 1970s, artificial recharge became necessary to maintain acceptable groundwater levels throughout the basin. Since the inception of artificial recharge the former artesian area has endured problems associated with high groundwater pressure and shallow groundwater table. Although clay-rich units are effective aquitards to vertical flow, Holocene stream channel deposits provide vertical connectivity in the layered aquifer, as do the improper abandonment of wells throughout the last century of aquifer development (Danskin et al. 2006 ). Conditions can be described as semi-confined. Downtown San Bernardino is located in this zone of high pressure, where historically the slow upward seep of groundwater through the clay layers increased the potential for buckled foundations, severed utility lines, and liquefaction in an earthquake (Danskin & Freckleton 1992) . The need to extract water constantly from this high-pressure area to keep liquefaction at a lower risk must be balanced against the need to not over-extract from the same area due to land subsidence concerns (Danskin et al. 2006) . Municipal water management works to maintain a pressure that supports a tilted groundwater table, thereby maintaining adequately low groundwater levels in the areas susceptible to flooding and liquefaction while maintaining high enough groundwater levels at the basin margins for energy-efficient and cost-effective pumping (Danskin & Freckleton 1992) .
Permanent land subsidence in the former artesian area has been assumed, but a lack of quantitative estimates exists in the literature. In the late 1960s land subsidence up to 30 cm associated with a 60 m groundwater level decline over two decades was observed, but presumed to be dominantly recoverable deformation (Miller & Singer 1971 ). According to Danskin et al. (2006) , there has been a significant decrease in groundwater storage in the San Bernardino basin through the 20th century as a result of lowering groundwater levels. Some component of water released from the aquifer is likely inelastic, but this quantity is unknown (Danskin et al. 2006, table 11) . Our study investigates potential inelastic hydraulic deformation and attempts to constrain modern anthropogenic compaction rates for this part of the San Bernardino basin.
Southeast of the Bunker Hill basin and the uplifted rocks of the Crafton Hills, the deposits of the Yucaipa basin are largely unconsolidated, composed of boulders, gravel, sand, silt, and clay, with deeply incised Holocene river channel deposits (Hamlin et al. 2002) . There are numerous faults in the Yucaipa basin trending both sub-parallel and nearly perpendicular to the local trend of the San Andreas fault. As a result of active tectonics, alluvial deposits have been uplifted, dissected, and folded in places (Mendez et al. 2001; Hamlin et al. 2002) . Most groundwater in the Yucaipa aquifer occurs in moderately consolidated middle to late Pleistocene alluvium at 60-200 m below the surface, and artesian conditions existed historically in the western part of the Yucaipa Plain (Moreland 1972; CDWR Bulletin 118 2004) . Steps in head level across local faults indicate the faults act as restrictive barriers to groundwater flow (CDWR Bulletin 118 2004) . Since the 1970s and particularly in the 1990s, previously undeveloped and agricultural land with sparse human population has been transformed into housing tracts. This has resulted in an increased demand for groundwater and a decline in groundwater levels in the Yucaipa basin. Recharge to the groundwater system is dominantly from percolation of precipitation and infiltration through stream channel deposits, underflow from surrounding fractured bedrock, and artificial recharge.
Aquifer elasticity
Recoverable elastic deformation occurs in all aquifers with the removal and replenishment of groundwater and can be measured as a change in surface elevation (Terzaghi 1925) . For water level changes on the order of tens-of-metres, the resulting vertical surface displacement is in the millimetre-to-centimetre range (Helm 1978) . The granular structure of the aquifer, known as the skeleton, contracts with the removal of groundwater, as support of the overlying material shifts from the pressurized pore fluid to the granular skeleton. Conversely, as groundwater is recharged, support for the overburden is shifted back to the pressurized pore fluid. This type of elastic deformation occurs within a particular range of pore pressure changes as a result of the cycles of groundwater pumping and recharge, and is observed in both confined and unconfined aquifers (e.g. Terzaghi 1925; Galloway et al. 1999) . With the exception of the very edges of aquifer basins, most hydrologically induced surface displacement is in the vertical direction (Bawden et al. 2001; .
As multiple disciplines have developed and applied poroelastic theory, poroelastic parameters have been neither uniformly defined nor consistently represented by the same symbols in the literature (Kümpel 1991) . For this study we chose to discuss the poroelastic material properties after the classic works of Riley (1969) and Poland (1984) . The component of the aquifer system storage coefficient, S, that is attributable to elastic recovery of the aquifer system skeleton, S ke , is
where b is the change in the aquifer thickness, and h is the change in applied stress inferred from a change in head level (Riley 1969; Poland 1984) . For this study, vertical displacement observations with InSAR represent the change in aquifer thickness, and the groundwater level time-series are a proxy for change in head level. We refer to S ke as the poroelastic ratio. The component of average specific storage due to elastic deformation S Ske (Riley 1969; Poland 1984) , is
where b is the effective thickness of the aquifer. We refer to S Ske as the normalized poroelastic ratio. Both S ke and S Ske are attributes that describe the elastic component of aquifer system deformation and represent recoverable compressibility that occurs within a certain range of pressure changes. However, S Ske values are normalized by basin depth and can be directly compared across a study area or to other aquifer research sites. Both parameters represent the usable storage capacity of an aquifer system, the volume that can be released and recharged through elastic deformation of the aquifer system (Poland 1981) . Accurate representation of these poroelastic parameters is essential to aquifer management and the maintaining of storage capacity (Sneed 2001) .
Determination of both aquifer storage and compressibility is possible using measured changes in the thickness of the aquifer and the corresponding changes in water level (Riley 1969; Poland 1984) . The change in aquifer thickness is classically measured with observations from borehole extensometer arrays (e.g. Ireland 1986 ). Other methods for estimating poroelastic parameters of aquifer and aquitard material include aquifer pump tests, stress-strain analyses, laboratory tests on borehole samples, and model simulations (Sneed 2001) . Using the satellite based InSAR data to measure the change in aquifer thickness, we can construct a more detailed, basin-wide assessment the aquifer system poroelastic properties. Where the stratigraphy is known, certain poroelastic responses can be expected and locations where observations deviate from expectations can be ideal sites for further investigation and assessment of the possibility of ongoing inelastic aquifer deformation. To assess the poroelasticity across the San Bernardino basin study site, we incorporate depth to groundwater sampling data with surface displacement observations from InSAR.
DATA
Well data
Groundwater level data for the well sites used in this analysis were primarily acquired from the San Bernardino Valley Municipal Water District, and in part from the California Department of Water Resources: Water Data Library and the USGS National Water Information System: Web Interface. A small number of well sites used in this study have readily accessible generalized lithologic logs, available through the USGS California Water Science Center-San Bernardino Valley Optimal Basin Management. This information is used to infer an effective aquifer thickness, by scaling the geophysical basin depth model (Anderson et al. 2004) according to elevations of indurated bedrock-like material indicated by drillers. The groundwater level data is assumed to represent the head level changes in the local saturated aquifer column. Sampling of water levels occurred irregularly during 1995 and 2000 at the 224 well sites amassed for this study, ranging from continuous monitoring through the entire study period to gaps of up to 2 yr in sampling. From this initial set of well sites, 60 sites meet the criteria for use in our analysis. The systematic culling of well sites is discussed later in the Methodology section.
InSAR data
InSAR is an effective tool for monitoring surface deformation due to groundwater extraction (e.g. Galloway et al. 1998; Amelung et al. 1999; Bawden et al. 2001; Lu & Danskin 2001; Schmidt & Bürgmann 2003; Bell et al. 2008) . Data used in processing differential interferograms for this study area are from the ERS1/2 satellite of the European Space Agency and processed with the ROI_PAC software package (Rosen et al. 2004) . InSAR from the ERS1/2 satellite works best in areas with very little vegetative cover and in urban areas, and therefore is well suited to the semi-arid, developed San Bernardino basin. Differential interferograms can be constructed to span months, even years, depending upon the suitability of SAR pairs for interferometry and coherence of each scene. The interferometric phase is flattened to remove any gradient caused by orbital errors. In the flattening process, the horizontal displacement signal associated with plate boundary deformation is also effectively removed. Because the perpendicular baseline between the orbital passes is greater than zero, there is a topographic contribution to the phase difference (Bürgmann et al. 2000) . This is removed using a 30 m digital elevation model from the SRTM shuttle mission. The phase difference is then unwrapped for estimating range change in the satellite line-of-sight or look direction. InSAR does not determine the full 3-D displacement vector. Assuming the dominant mode of deformation during the study period for this aquifer basin was in the vertical direction (Bawden et al. 2001; , we calculate the vertical component of the surface displacement required to explain the line-of-sight observations.
We use several techniques to scrutinize over 100 differential interferograms of the study area between 1992 and 2000. The set of differential interferograms were initially culled through the visual identification of atmospheric patterns. Scenes contaminated by significant cloud or fog layers can cause a delay in wave traveltime, thereby falsely increasing or decreasing the range change observed in an interferogram (Zebker et al. 1997) . Through careful scrutiny, these scenes were eliminated from the analysis set, thereby minimizing the atmospheric source of noise from the data set. We stack the 24 best interferograms (processed from 17 independent SAR scenes) by summing the vertical displacement for a given pixel and dividing by the cumulative time spanned by all of the interferograms (Table 1) . Stacking interferograms estimates an average rate of deformation for each pixel and will dampen the effect of any remaining atmospheric noise.
All differential interferograms used in the analysis are within mid-1995 through 2000 and have a perpendicular baseline of ≤150 m, averaging ∼80 m. These short distances in satellite positioning from acquisition to acquisition maximize coherence and minimize topographic errors. We choose to not use the available SAR data from 106  19950611  19960108  118  19950611  19990621  103  19950611  20001127  150  19950925  19970127  83  19951204  19960909  95  19951204  19971208  73  19951204  19970616  97  19960108  19960318  52  19960108  19980323  6  19960318  19970127  87  19960318  19980323  58  19960909  19990201  44  19970127  19980427  92  19970127  19990517  27  19970616  19971208  24  19970616  19990201  148  19971208  19990621  136  19980323  19990621  9  19980427  19990517  65  19980427  19991213  17  19990201  20000501  134  19990517  20001127  134  19990621  20001127  47 1992 to 1993 due to a change in satellite mission in 1994, resulting in a significant break in the time-series. The patterns of time-dependent surface displacement can be assessed with a time-series construction. We produce a pixel-by-pixel time-series of vertical displacement using an inversion method developed by Schmidt & Bürgmann (2003) . The method solves for the incremental range change between SAR scene acquisitions by a linear inversion, translating the set of interferograms into a range change time-series. The same interferograms used in stacking were used in the time-series construction (Table 1) . Scenes used in multiple interferograms are down weighted in the time-series inversion process, so that artefacts in repeated scenes do not dominate the time-series of deformation. The result of the time-series is a pixelby-pixel deformation map sequence from 1995 to 2000, showing line-of-sight deformation accumulating from scene acquisition date to acquisition date. The final frame of the time-series plots the cumulative deformation through the 5-yr period.
I N S A R R E S U LT S
The spatial and temporal pattern of displacement observed with InSAR in the San Bernardino study area illustrates a dynamically deforming complex aquifer basin (Fig. 2) . Since InSAR measures relative displacement, we have attempted to identify areas that appear to be vertically stable through time, essentially defining a reference frame for the observed relative displacement. One continuous GPS station located in the Crafton Hills (Fig. 2) was operative during the InSAR time-series and showed no long-term trend of vertical displacement. The zero on our displacement scales is tied to the location of this GPS station, fixing the displacement scale.
Average vertical displacement, from 1995 to 2000, is estimated with a stacked differential interferogram (Fig. 2) . Much of the study area exhibits a near zero average displacement rate. The Lytle basin and the Santa Ana River drainage show some of the highest average deformation rates, for this time period appearing to subside at a maximum rate of 4 mm yr −1 . In the years following the abundant aquifer recharge of 1998, groundwater levels and surface elevation decreased in these locales, which is reflected in the high subsidence rates. The stacked differential interferogram (Fig. 2) also highlights sharp colour contrasts that coincide with many mapped faults (Morton & Miller 2003; Anderson et al. 2004; Danskin et al. 2006) . Groundwater barriers enclosing the Rialto-Colton basin appear to border a slightly uplifting region. The vertical displacement rates of a few millimetres per year seen in small areas of the stacked interferogram are contrasted by broader regions of several centimetres of displacement observed in some short-term singlepair interferograms (Fig. 3a) . In general, differential interferograms for the San Bernardino study area spanning 2-9 months show a greater magnitude of relative displacement than those composed of scenes separated by a year or more. Seasonal trends in land surface elevation are illustrated in Fig. 3(a) . Land surface rebound is observed in the western Bunker Hill basin as a result of decreased pumping after summer, whereas land surface subsidence is observed in the eastern basin resulting from the decline in groundwater level prior to the arrival of significant rain and aquifer recharge (Danskin et al. 2006) .
A correlation of topography to InSAR measurements is observed in Fig. 3(b) , particularly along the northern basin edge. The broad red swath across the study area may seem suggestive of regional subsidence, but when observed to follow the canyons into the mountains, we can assume the topographic correlation is due the presence of a fog layer blanketing the basin and filling the canyons at low elevations. In fact, when paired with other scenes, the August 1993 scene continually biases the interferograms this way. So although this image is adequate for finding groundwater barriers or regions of relatively high deformation, such as Lytle Creek or the Santa Ana River drainage (Fig. 2) , it is the type of image excluded from the InSAR stacking and from the time-series constructions discussed below.
A wide range of surface displacement in the Bunker Hill basin is illustrated in Figs 3(c) and (d). Each interferogram uses independent pairs of SAR scenes, thereby assuring the deformation pattern is not an artefact of a particular scene. These two interferograms represent subsequent 1.5-yr periods of deformation and show nearly opposite patterns of displacement with magnitudes on the order of several centimetres each. As the Santa Ana River acts as a confluence of the minor streams in the study area (Fig. 2) , groundwater flow follows a similar pattern (Schaefer & Warner, 1975) . The subsurface ponding of groundwater against the eastern side of the San Jacinto fault is evidenced in Fig. 3(c) with the uplift occurring in an elliptical shape, elongated parallel to the fault (Dutcher & Garrett 1963; Woolfenden & Kadhim 1997; Anderson et al. 2004; Danskin et al. 2006) . The subsequent interferogram (Fig. 3d) shows the same region subsiding, a response to the lowering of groundwater levels.
The longer the time interval represented by the interferogram, the more likely the total range of deformation is to be underestimated. Both stacking and single-pair interferometry can manifest the same problematic issue in that the short-term deformation may not be adequately represented by average rates or the longer single-pair interferograms. Therefore, the optimal method of analysis for this locale is the time-series (Schmidt & Bürgmann 2003) , as it estimates time-dependent deformation over the shortest possible time intervals, between SAR acquisitions.
The InSAR time series allows for the comparison of vertical surface displacement to groundwater levels at well locations in the study area (Fig. 4) , demonstrating several points. Most importantly, this comparison emphasizes the concomitant relationship of the surface displacement to transient changes in groundwater level. Other observations are that groundwater levels in the study area vary up to tens-of-metres over a horizontal distance of just a few kilometres, and that groundwater levels may rise and fall significantly in a short period of time (Well 227801, Fig. 4) . The direction and magnitude of vertical surface displacement observed with InSAR also varies laterally within the basin.
Other notable features of the time series comparisons include varying intervals for groundwater level sampling both temporally and spatially. At times short period of time data sampling is sparse and irregular, like that of well site 106901. Daily groundwater sampling is clearly a useful data set when assessing the elastic deformation of an aquifer, as seen at well 1N5W34D1S, Fig. 4 . Monthly sampling such as that of wells 1N5W10J1 and 1S4W2Q4S also adequately demonstrates the varying trends of groundwater level across the study area. This study uses the unique patterns of surface deformation and well level data to estimate the predicted surface displacement due to short term changes in groundwater levels, while attempting to identify regions deforming due to more subtle and long-term causes such as interseismic strain or sediment compaction.
H Y D RO G E O L O G I C I N S A R I N T E G R AT I O N M E T H O D
Using InSAR to quantify vertical surface displacement and groundwater levels as a proxy for head level changes in the aquifer, we relate the data sets through the HII method for the characterization of surface deformation in groundwater aquifer basins. The HII method is a least squares inversion, estimating two parameters: (1) the poroelastic ratio of the aquifer column and (2) the residual vertical displacement rate at every well site. We normalize each poroelastic ratio by depth of the saturated aquifer column at the well location, making these parameters comparable to each other and to those of other alluvial aquifer studies. The integration of surface deformation and aquifer head levels is not a new concept (e.g. Riley 1969; Poland 1984) and several recent studies have directly compared In-SAR data with well data (e.g. Lu & Danskin 2001; Bell et al. 2008) . This study aims to formalize the integration of InSAR and groundwater level time-series. The residual vertical displacement rate is mapped, and we assess whether this 5-yr displacement rate is tectonic in nature, a result of fine-grained sediment compaction, and/or reflective of other processes.
We assume the InSAR and well data are related as follows,
where x is a position vector, I ( x, t) is the vertical displacement observed from the InSAR time-series at a well location, S ke ( x) is the poroelastic ratio related to the elastic compressibility of the sediments (Riley 1969), w( x, t) is the well level as a function of time, u( x) is the residual vertical displacement rate observed at the well location, and c is a fitting parameter that allows for the direct comparison of water level changes and the InSAR time-series. This model assumes that a well level time-series reflects effective pore pressure change through the aquifer column. We formulate this problem as a least squares inversion, Gm = d, and estimate the model parameters S ke and u at each well site, where
Since the InSAR data and well level data are sampled at different times, the well data are linearly interpolated at the times of the SAR scene acquisitions. An assumption of the HII method inversion is that an aquifer is deforming in an elastic regime. However, some deformation may be inelastic, in which case, normalized poroelastic ratios will trend high.
The set of 224 wells amassed for this project contains 156 sites in the San Bernardino study area that have a minimum sampling rate of four times per year between 1995 and 2000. Of the 156 well sites, we eliminate 45 wells with negative poroelastic ratios from the analysis set. This anticorrelation of changing groundwater levels and surface Fig. 2 for well locations). The blue curves correspond to the left axes and show the InSAR time series at the coherent pixel nearest each well site. The green curves correspond to the right axes and show coeval groundwater levels at each well site. Vertical surface displacement is measured in millimeters; groundwater levels are measured in meters from the surface. displacement is likely due to a misrepresentation of total pore pressure changes at depth from the well accessing only a portion of the aquifer column. In order for the HII method to be applicable, we require that well level and surface deformation be temporally correlated. To select those wells that are best suited for interpretation, we first visually inspect the time-series at the remaining 111 well sites, looking for the graphical appearance of a good match of surface displacement to changing groundwater levels. Next, using the estimated model parameters and groundwater level data, we predict surface displacement for each well site, and then compare the predicted displacement time-series to the displacement timeseries observed with InSAR, calculating a correlation coefficient between the two curves. Independent of the calculation of the correlation coefficient, we visually assess good matches between the predicted and observed time-series. We find the average correlation coefficient of 0.67 to be a value consistent with the visual determination of a good match between the predicted and observed time-series. We eliminate well sites below this value, leaving 60 wells that best represent the relationship of surface displacement to local changes in groundwater levels, and are suitable for analysis using the HII method. Well sites where surface deformation and groundwater level changes do not appear temporally correlated consistently have correlation coefficients less than the average value.
B. A. Wisely and D. Schmidt
H I I M E T H O D R E S U LT S
Residual vertical displacement rates
Residual vertical displacement rates estimated by the HII method show a distinct variation in net surface displacement from 1995 to 2000 (Fig. 5a ) with some localities subsiding and some uplifting. These rates are hypothesized to be an indicator of inelastic hydraulic deformation, tectonic deformation, or a combination of both. Maximum subsidence rates are observed within the San Jacinto fault zone (up to 1.9 mm yr −1 ), and at the single well site in the Yucaipa basin (2.0 mm yr −1 ). Sites in the southeastern Chino basin and the Santa Ana River drainage also exhibit residual subsidence, on the order of 0.5 to 1.0 mm yr −1 . The most rapid uplift rates in the study area reach 1.5-2.0 mm yr −1 in three locations: (1) the Rialto-Colton basin, (2) the Santa Ana River drainage where Plunge Creek intersects the San Andreas fault, and (3) in the southwest of the former artesian area where the Santa Ana River intersects the San Jacinto fault. In the following sections we discuss various hypotheses and tests used to determine the source(s) of spatially varying patterns of residual vertical displacement.
Normalized poroelastic ratios
Using a geophysical basin depth model by Anderson et al. (2004) , we normalize poroelastic ratios estimated with the HII method (Fig. 5b) . The basin depth model, derived from gravity, seismic, and aeromagnetic data, provides an upper limit on the thickness of water-bearing units. According to Dutcher & Garrett (1963) , geological evidence from well logs suggests the maximum depth of significant water-bearing aquifer material for this region is ∼430 m. To estimate what percentage of the basin depth column would best represent the effective thickness of the aquifer column, we use the few drillers' logs on public record to scale the Anderson et al. (2004) basin depth model. We divide the elevation at which drillers indicate contact with basement-like indurated rock by the basin depth, determining effective aquifer thickness to approximate 40 per cent of the basin depth model as estimated by Anderson et al. (2004) . For the well near the northern basin margin where Plunge Creek intersects the San Andreas fault, the basin depth model estimates ∼0 km thickness of alluvial material, for this site we use stratigraphic cross-sections from Dutcher & Garrett (1963) to estimate effective aquifer thickness.
Normalized poroelastic ratios are plotted in Fig. 5(b) , with the highest estimates clustered in the Santa Ana River drainage (∼10 −5 m −1 ), with some relatively high estimates also appearing in the northernmost basin margins and the San Jacinto fault zone. The lowest normalized poroelastic ratios are observed also within the San Jacinto fault zone and in the Yucaipa basin (∼10 −7 m −1 ). There is a great deal of variability in these values across the San Jacinto fault zone within the former artesian area (4.2 × 10 −7 to 1.4 × 10 −5 m −1 ).
Uncertainties for estimated model parameters
Uncertainties in both displacement rate and poroelastic ratio (S ke ) estimates are calculated at each well site using a standard least squares formulation and errors of the InSAR time-series (Schmidt & Bürgmann 2003) . The average uncertainty of the residual vertical displacement rate for the analysis set is ±0.4 mm yr −1 . The average uncertainty of the poroelastic ratios for the analysis set is 3.0 × 10 −4 . Given the uncertainties of the Anderson et al. (2004) basin depth model are ∼100 m for depths less than 1 km and ∼100-300 m for depths greater than 1 km, propagated model uncertainties in the normalized poroelastic ratios are quite large (average uncertainty for analysis set is 7.6 × 10 −6 m −1 ). This is also the case in previous studies that estimated similar parameters (Helm 1978; Sneed 2001) . (A list of uncertainties at each well site is provided in the Supporting Information Table S1 , Fig. S1.) 
D I S C U S S I O N
Vertical displacement related to interseismic deformation
The transtensional structures of the San Bernardino basin are suggestive of a fractured and segmented arrangement of fault blocks and slivers particularly in the northwest study area. Approaching the juncture of the San Andreas and San Jacinto faults, the San Jacinto slip rate decreases from ∼20 to 6 mm yr −1 (Weldon & Sieh 1985; Feigl et al. 1993; Bennett et al. 2004; Meade & Hager 2005; van der Woerd et al. 2006 , UCERF2 2008 . Although it is postulated that there is not one single through-going structure (Weldon & Sieh 1985; Stephenson et al. 2002; Anderson et al. 2004) , the San Jacinto fault zone is considered the primary active structure bisecting the region with geological interpretations of ∼25 km of through-going right lateral slip and up to 1 km of normal displacement over the last 1.5-2.0 Ma (Kendrick et al. 2002; Anderson et al. 2004) . The Rialto-Colton fault to the west of the San Bernardino Valley (Fig. 2) is thought to be an abandoned trace of the San Jacinto fault and also exhibits vertical offset (Woolfenden & Kadhim 1997) . We therefore must assess tectonic strain as a potential source of residual vertical displacement estimated with the HII method (Fig. 5a ).
In the majority of geodetic studies, the vertical component of displacement is often ignored because of large measurement error in the GPS data and the potential for bias from non-tectonic signals (Bawden et al. 2001) . The use of only the horizontal components is a generally accepted practice given that the San Andreas fault system is a transpressive plate boundary dominated by strike-slip motion. However, using InSAR gives us an opportunity to incorporate the vertical component of strain. Furthermore, vertical deformation is expected during the interseismic period at fault bends, fault junctions, and locations where the interseismic slip rate changes (e.g. Crowell 1974; Bilham & King 1989; McClay & Bonora 2001) . Evidence for vertical structural complexity within the San Bernardino study area includes exposures of exhumed basement rock in the valley floor and models of basin depth from seismic and other geophysical data (Stephenson et al. 2002; Anderson et al. 2004; Langenheim et al. 2005) . The San Bernardino Mountains also have a complex vertical deformation history with distinct patterns of exhumation. Blythe et al. (2002) estimate an exhumation rate for the Yucaipa Ridge Block in the mountains northeast of the Yucaipa basin of 1.6 mm yr -1 , ca. 1.5 Ma to present, the highest exhumation rate in southern California.
As there were no earthquakes greater than M4.5 in the study area during 1995 and 2000, any tectonic strain would necessarily represent interseismic deformation. Using deformation and stress change software Coulomb 3.0 (Lin & Stein 2004; Toda et al. 2005) , we model the vertical interseismic deformation related to rightlateral slip at depth on the San Andreas, San Jacinto, and other small faults. The sensitivity of vertical surface displacement related to variations in fault geometry and slip rate was tested using elastic models based on the California Reference Geologic Fault Database (RefGF) established for the Working Group on Earthquake Probabilities (WGCEP). Parameters used to define an interseismic fault map at depth include fault trace, dip and rake. The fault parameter values were determined by expert consensus inferred from paleoseismic trenches and other site-specific studies (UCERF2 2008). A Poisson's Ratio of 0.25 and a shear modulus 32 GPa were prescribed for all models. For modelling interseismic strain at the basin surface, slip rates were assigned to the deep fault planes, and the seismogenic zone was kept locked. We focus only on the vertical component from the model because the horizontal deformation produces a near linear gradient across the San Bernardino basin, a smoother deformation field than the vertical. Projected onto the InSAR line-of-sight vector, this horizontal surface displacement prediction is not expected to bias the results of the HII method or impose significantly on the measured range change.
Using a 3-D fault map based on the RefGF database we estimate the vertical surface displacement related to deep fault slip (Fig. 6a) . This model of interseismic strain illustrates slip distribution across the basin study area with a maximum subsidence rate of ∼0.3 mm yr -1 . There are obvious discrepancies between the HII method results of Fig. 5(a) and the pattern of displacement from the elastic model shown in Fig. 6(a) . Residual subsidence observed with the HII method is primarily observed in a narrow region within the San Jacinto fault zone, and is an order of magnitude larger than the RefGF-based interseismic elastic model. Other recent geophysical studies (e.g. Anderson et al. 2004 ) also indicate a narrow pull-apart basin, restricted to strands of the San Jacinto fault zone, indicating very little to no slip transfer across the broader basin. We therefore Figure 6 . Interseismic vertical deformation predicted by elastic models related to right-lateral slip at depth on the San Andreas, San Jacinto, and other small faults. Black lines are surface projections of deep faults, and circles dividing fault segments are locations of fault slip rate changes. Models were constructed to test the sensitivity of surface displacement to deep fault slip, by assigning slip rates to deep fault planes, and keeping the seismogenic zone locked. We use deformation and stress change software Coulomb 3.0 (Lin & Stein 2004; Toda et al. 2005) and input fault parameters for the southern San Andreas fault system, based on the RefGF database (UCERF2 2008). (a) Contours of interseismic uplift (mm) predicted for the portion of the basic RefGF model representing the San Bernardino basin. (b) An example of a more complex and detailed interpretation of the local fault system. Adding complexity to the deep fault system alters the pattern of modeled interseismic vertical surface displacement, but continues to produce a broad, basin-wide pattern of vertical displacement, unlike the pattern of displacement estimated with the HII method, and an order of magnitude less that the maximum rates estimated.
run a systematic survey of interseismic fault slip rate combinations, while maintaining total slip across the transform boundary. These alternate slip models all produce broadly varying patterns that more poorly fit the HII method results.
A comprehensive literature review of the San Andreas and San Jacinto fault juncture reveals a wide variety of regional fault interpretations. Many studies have utilized elastic modelling, though not all during the interseismic period, to assess regional-scale plate boundary deformation of the San Bernardino basin (e.g. Bennett et al. 1996; Meade & Hager 2005) , deep fault configurations through the restraining bends of the San Gorgonio Pass (Dair & Cooke 2009) , and along the San Jacinto fault (Kendrick et al. 2002) in the southern study area. To thoroughly test deep-seated interseismic deformation as a potential cause for the observed deformation patterns, we increased complexity in the deep fault zone, adding inferred regional faults that are not included in the RefGF database, and adding normal slip components along faults know to have vertical geological offsets across them (Fig. 6b) . For example, the Banning fault is continually discussed in the literature. Its illusive fault trace, discontinuous surface exposure, and distinctly active deep-seated seismicity have invited many varying interpretations, particularly along the westernmost extension where it is postulated to intersect the San Jacinto fault (e.g. Stephenson et al. 2002; Anderson et al. 2004; Langenheim et al. 2005) .
We are unable to reproduce through modelling of interseismic deformation the focus or magnitude of the observed pattern of uplift and subsidence. Increasing the complexity of the deep fault system, as in Fig. 6(b) , does not create a better match to residual vertical trends of the HII method. It is possible that the modelling software does not adequately represent the material properties of the uppermost crust, such as up to 2 km of alluvial fill in the deepest basin. Discrepancies may also be due to the oversimplification of the material properties and fault structure of the uppercrust. The elastic modelling results do support the consensus UCERF2 (2008) model of southward slip transfer from the San Andreas to the San Jacinto with slip rate changes along faults within the study area, ruling out models where all slip is focused on only one fault or the other.
Elastic models of interseismic strain imply that processes other than interseismic deformation are the cause of up to 1.9 mm yr −1 of focused subsidence within the San Jacinto fault zone. Elastic modelling can account for up to 0.5 mm yr −1 of regional subsidence, but cannot account for the near 4 mm yr −1 range of vertical displacement rates observed in the inversion results within the study area.
Parameter correlation
Given the variation in both residual vertical displacement and normalized poroelastic ratios, particularly within the San Jacinto fault zone, we test for correlations between the model parameter estimates and site-specific characteristics; such as average depth to groundwater, magnitude of groundwater level changes during the study period, and basin depth (supplemental figures). Correlation between the estimated model parameters themselves is not observed. We do, however, observe a correlation between increasing basin depth (alluvial thickness) and increasing subsidence rates within the former artesian area (Fig. 7) . The increasing alluvial thicknesses away from the range fronts contains greater content of fine grained deposits making well sites in these areas more susceptible to delayed compaction. This correlation stands with the exception of the uplifting sites (blue oval in Fig. 7 ) in the southwest artesian basin. We suspect these uplifting locations do not follow the trend of increasing subsidence with increasing basin depth due to upwelling groundwater flow.
Vertical displacement related to hydraulic aquifer deformation
A long history of groundwater pumping in the San Bernardino basin suggests that compaction of near-surface, fine-grained layers may Figure 7 . The correlation plot between residual subsidence rates and basin depth illustrates that in the former artesian area, as sediment thickness and fine-grained concentrations increase, residual subsidence becomes more pronounced. The oval in the upper right-hand corner of the plot encompasses the uplifting and near zero displacement locations overlying the deepest basin, where the Santa Ana River crosses the San Jacinto fault, that do not follow the aforementioned correlation. This is likely due to vertical hydraulic gradients and upwelling.
be a factor in the residual vertical subsidence rates observed with the HII method, particularly in the former artesian area (Fig. 5a ). The deepest alluvial basin associated with the San Jacinto fault zone, and formed by long-term geological deformation of the basement, contains clay-rich aquitards, thick and extensive enough to retard vertical groundwater flow. An aquitard layer estimated to be 30 m thick is exposed at the surface in this vicinity; clayey strata are also observed at deeper intervals in this locale (Dutcher & Garrett, 1963; Danskin & Freckleton, 1992) . Danskin et al. (2006) state that there has been some inelastic release of water from storage; however, this quantity is unknown. The Yucaipa aquifer is also known to have significant clay-rich layers, and the HII method estimates the highest subsidence rate and the lowest normalized poroelastic ratios for the study area at this location (Fig. 5 ). However, with only one site meeting criteria for analysis, we forgo conclusive statements regarding deformation and poroelasticity for the Yucaipa basin.
Inelastic aquifer deformation and storage loss tend to occur in low permeability aquitard layers as a result of continued overdraft to an aquifer system, where groundwater pumping is consistently greater than the groundwater recharge (Poland 1984; Galloway et al. 1999) . Compaction of aquifer material, referring to both the process and result, reflects the rearrangement of the pore structure under stresses greater than the maximum preconsolidation stress. Production wells typically access sand and gravel layers, as these coarser deposits have higher transmissivities. Draining water from coarse-grained aquifer layers decreases pore pressure. Adjacent clay-rich aquitards drain more slowly and a pressure gradient can develop between the coarse and fine-grained deposits. The slower draining aquitards may continue to dewater and compact, even after the recovery of groundwater levels. Concomitant compaction can require decades or centuries to complete (Terzaghi, 1926; Helm, 1978; Galloway et al. 1999) . For equal changes in water level, inelastic aquifer deformation is 10-100 times greater than elastic deformation (Poland 1984) , indicating that once the threshold from an elastic to an inelastic stress regime has been crossed, rapid and extreme compaction is likely to occur. Thin clay-rich layers will dewater and compact more quickly than thick layers of the same composition, as the path to escaping higher pressure is short in a thin layer. Thicker clay-rich layers do not allow fluids to escape as readily, and varying lateral thickness of a dewatering clay-rich layer can result in differential land surface displacement (Riley 1969; Carver 1971) .
In an elastic stress regime, normalized poroelastic ratios numbers estimated with the HII method should be relatively higher for coarse-grained deposits than for finer grained deposits, signifying greater elasticity to the aquifer skeleton in coarse-grained material. If the San Bernardino basin were deforming solely within an elastic regime, normalized poroelastic ratios should be relatively high in the coarse-grained shallower basin margins compared to the clay and silt-rich strata of the deeper central basin, yet significant variation is observed, particularly in the former artesian basin (Fig. 5b) . This study proposes that the poroelastic parameters estimated with the HII method can identify sites that may be undergoing inelastic compaction, and we develop this concept later. Miller & Singer (1971) identified the location of maximum subsidence (30 cm) and maximum groundwater level decline (30 m) for the Bunker Hill basin near the southern edge of the former artesian boundary in the late 1960s. At the time of their study, lag effects related to dewatering of aquitards were considered negligible, small enough to be considered insignificant, and measurable only with the installation of an extensometer. Currently, such measurements need not be considered negligible and may be estimated using the spatially continuous, millimetre-scale sensitivity of InSAR.
Delayed compaction of clay-rich strata due to historic episodes of extreme groundwater depletion is a likely cause of the observed 0.5-1.9 mm yr -1 of residual subsidence in the western Bunker Hill basin during 1995 to 2000. 1950-1970 was a period of extreme groundwater extraction (Fig. 8) , with levels declining up to 30 m in the central basin and up to 60 m near the base of the San Bernardino Mountains. A drought in the late 1980s and early 1990s caused another episode of groundwater depletion although not as severe as the late 1960s (Fig. 8) . These periods of groundwater depletion may have triggered dewatering of clay-rich aquitards in the western Bunker Hill basin, for which we are observing the tail end of compaction or consolidation processes.
Previous work regarding compaction rates of clay-rich aquifer layers in other locations is consistent with the above interpretation of subsidence rate estimates. A classic site for the study of aquifer compaction using extensometers is near Pixley, California. Based on laboratory test data from Pixley sample cores, 60 per cent of permanent compaction will occur within a few weeks of dewatering. However, roughly 40 yr is required for 90 per cent of ultimate compaction to occur (Lofgren 1968; Helm 1978; Poland 1984) . Other studies of permanent compaction include Bell et al. (2008) in which the authors observe residual compaction related to aquitard drainage in Las Vegas, Nevada. Despite over a decade of recovering groundwater levels, the authors predict continued subsidence for another 5-10 yr, although at decelerating velocities. Recent studies by Teatini et al. (2005 Teatini et al. ( , 2006 in the Emilia-Romagna coastland aquifer highlight land settlement due to the delayed compaction of clayey aquitards following historic levels of groundwater pumping and lowering of groundwater levels. Like the San Bernardino study, the Italian aquifer is of similar size and depth, and both localities bear a paucity of historical groundwater data. Although wells are not scarce, wells are irregularly sampled and often it is unclear which hydrogeologic unit the well is accessing. Using InSAR and other modern geophysical data to monitor surface elevation changes, Teatini et al. (2006) estimate ongoing anthropogenic rates of subsidence of 0.1 to 1.7 mm yr -1 , comparable to subsidence rates observed for the San Bernardino study area using the HII method (0.5-1.9 mm yr -1 ). This delayed consolidation of aquitards is observed decades after general head level recovery in the Italian aquifer.
Another potential cause of inelastic compaction and land subsidence in the western Bunker Hill basin is the installation of new large production wells. As of 1998, many new large production wells are perforated below ∼60-90 m, deeper than the majority of previous production wells, and Danskin et al. (2006) point out that the additional deeper extractions may also induce land subsidence and the compaction of deeper aquitards. The subsiding well sites at the juncture of the Loma Linda fault and the San Jacinto fault (Fig. 5a ) are in close proximity to the location predicted by Danskin et al. (2006) to be at risk of subsidence if pumpage were to be increased without sufficient recharge. We are unable to definitively state at which depth(s) in the aquifer column compaction is occurring. Groundwater levels through 2007, past the span of the In-SAR time-series used in analysis, are plotted in Fig. 8 . It is apparent from well measurements in 2005 and 206 that groundwater levels recently reached the historic low levels of the late 1960s. Thus we predict that permanent compaction of fine grained layers continues, most likely at more rapid rates than estimated by our analysis which ends in 2000.
In the southwestern former artesian area, where both the Santa Ana River and general flow of groundwater intersect the San Jacinto fault, residual uplift is estimated by the HII method (Fig. 5a ). This region of the former marshland may experience significant groundwater upwelling, and is actively managed to maintain stable groundwater levels below the surface (e.g. Danskin et al. 2006) . Upward, vertical hydraulic gradients in this area have been previously observed (Danskin & Freckleton 1992) . We suspect the residual uplift estimated for this area may be related to transient vertical hydraulic gradients. As well, the winter of 1997/1998 was an El Nino year with greater than average storm run-off and natural groundwater recharge. This can be seen as a rise in groundwater levels for wells in the semi-confined former artesian area (wells 227801, and 1S4W2Q4S; Figs 2 and 4) and may have contributed to localized surface uplift during 1995 and 2000.
The Santa Ana River drainage (Fig. 2) has a relatively wide range of residual vertical displacement rate estimates, from 1.2 mm yr -1 of subsidence to 1.5 mm yr -1 of uplift (Fig. 5a ), yet normalized poroelastic ratios for this area are some of the most consistent (Fig. 5b) . As this part of the aquifer basin contains several artificial recharge basins (Fig. 2) , the filling, storage, and percolation related to aquifer resource management may be contributing to the variation in residual vertical displacement rates. Definitively testing this relationship between artificial recharge and the observed variation in surface displacement is beyond the scope of this study. In contrast to the range of displacement rate estimates, poroelastic estimates for the Santa Ana River drainage (Fig. 5b) are similar in magnitude, some of the highest in the study area, and consistent with the coarse grained stratigraphy of these range front deposits. The deposits of the shallow basin margins readily transmit percolating groundwater, making adequate sites for groundwater recharge (CDWR Bulletin 118 2004) . Surface elevation changes would be correlated with the flooding of recharge spreading grounds and the downward percolation of imported groundwater and storm runoff (Lu & Danskin 2001) . It is this rapid transmission of groundwater and the coarseness of the local deposits that are represented by the higher normalized poroelastic ratios.
Alternately, poroelastic results within the former artesian boundaries vary widely. As the coarse and poorly sorted sediments nearest the mountains fine and thicken towards the San Jacinto fault zone (Danskin & Freckleton 1992) , the stratigraphy becomes more layered and vertically complex with silt and clay-rich layers that pinch in and out of the sequence, and deeply incised coarse-grained stream deposits that create some level of vertical connectivity in the aquifer column (Dutcher & Garrett 1963; Danskin et al. 2006) . As skeletal compressibility of fine-grained aquifer materials can be several orders of magnitude less than that of coarser aquifer material (Sneed 2001) , we expect less elastic deformation for equal changes in water level in fine-grained material than in coarse. The observation of scattered relatively high poroelastic values in the former artesian area suggests larger surface displacements with changes in groundwater level than expected to occur in an elastic regime. We infer that the local aquifer column may be actively compacting under effective pore pressure stress surpassing preconsolidation stress conditions. Such sites exhibiting residual subsidence not associated with shortterm changes in groundwater level, and relatively high normalized poroelastic ratios, could be targeted for further investigation, perhaps by installing compaction sensitive extensometers.
We currently find the HII method to be a viable way to remotely assess aquifer storage parameters and elasticity. We suggest normalized poroelastic ratios can be used not only to remotely assess the elasticity of the aquifer, but also to identify locations that may be experiencing inelastic and/or delayed compaction of fine-grained material. Typically assessment of inelastic deformation is calculated using at least a decade of stress and strain data (Riley 1969; Poland 1984) . The HII method can be applied over a period of no less than 5 yr, significantly decreasing both ground-based field data collection and length of required study period from traditional hydrogeologic methods. The installation of extensometers into well sites targeted as experiencing ongoing compaction may definitively test the suggested use of the normalized poroelastic ratios estimated with the HII method.
C O N C L U S I O N S
With an extensive set of interferometric data, we observe timedependent changes in the surface elevation of the San Bernardino aquifer basin from 1995 to 2000. Combined with groundwater level data for the study area, we remotely estimate poroelastic material properties and observe a 4 mm/yr range in residual vertical surface displacement rates that is not related to coeval changes in groundwater levels. The western Bunker Hill basin exhibits residual subsidence rates approaching 2 mm/yr, that appears to represent sediment compaction, values consistent with anthropogenic compaction rates estimated in other locations. Earlier studies in permanent land subsidence were limited by the ground-based approach of extensometer arrays and leveling lines. With InSAR we can observe spatial heterogeneity in the aquifer response to pumping and recharge. The HII method allows for the separation of superimposed processes that operate in dynamically deforming locations like the San Bernardino basin, and this formalization of InSAR and groundwater level integration provides opportunities for application in other aquifer basins.
The application of the HII method is greatly assisted by continuous monitoring of groundwater levels, frequent SAR scene acquisitions, and minimal atmospheric interference. Lithologic descriptions from drillers' logs provide insight into what layer(s) a well is accessing in the aquifer, and what portion of the aquifer column is expected to respond to groundwater level changes. Geophysical data can also provide information about vertical flow in the aquifer column as well as material characterization. Ideally wells used for this type of analysis in the future will have consistent standards of monitoring, recording, and retrieval for hydrogeologic data. Future work for the San Bernardino study area should also include the expansion of the InSAR time-series with the processing of SAR data after 2000.
Previous work in the San Bernardino basin documents permanent land subsidence and infers storage loss. This study identifies specific locations within the basin where recent and possibly ongoing compaction is likely occurring, and estimates compaction rates of 0.5-1.9 mm yr -1 where clay-rich layers formerly subjected to artesian conditions continue to dewater. We discount interseismic strain contributing to the localized patterns of vertical displacement observed with the HII method, and instead interpret residual vertical displacement rates to be related to long-term hydraulic conditions in the aquifer.
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